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As we learn in molecular biology
textbooks, proteins perform their func-
tions only when folded into their
unique structures determined by their
sequences. The sequences evolved to
produce these well-defined structures
with energies much lower than those
of the unfolded states. The protein
structure does not change spontane-
ously: a ligand could bind a matching
pocket in the protein and then force
the changes in structure. This picture
is supported by the decades of high-
resolution measurements of protein
structure. It is beautifully deterministic
and allows us to describe much of the
molecular biology reactions in terms
of protein shapes—probably the reason
physicists like molecular biology much
more than, say, organic chemistry.
However, this picture arising from
the textbook dogma is also unnecessar-
ily and impossibly static. All of the
major interactions between amino
acids that determine protein struc-
ture—van der Waals forces, hydrogen
bonds, and screened electrostatic and
hydrophobic interactions—have char-
acteristic energies that are of the order
of kBT. This means that such bonds can
be frequently disrupted by thermal
fluctuations. Of course, the folded
state is formed by a combination of
many weak interactions that increase
the barrier for structural transitions.
However, the complexity of intrapro-
tein interactions is such that it is very
difficult to realize the situation where
the protein free energy would be
minimized in a single defined statehttp://dx.doi.org/10.1016/j.bpj.2012.08.027
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ergy. It is even more difficult, e.g.,
for an enzyme, to find a sequence
that would have two such folded
states, one in the absence and another
in the presence of the bound substrate.
Indeed, recent experimental and mod-
eling data show that a large fraction,
possibly a majority, of all proteins
are either disordered or have disor-
dered domains (1).
Recent years have seen increasing
experimental evidence for a new para-
digm in the protein structure-function
relationship that pictures proteins as
inherently dynamic objects. According
to this view, at thermodynamic equilib-
rium, instead of possessing a single
folded state, proteins fluctuate between
multiple states separated by small
energy barriers. The substrate mole-
cules interact with the enzymes when
they are in the conformations favorable
to binding. Substrate binding then
does not change the pool of available
enzyme conformations, but rather
biases it toward a single state or just
narrows the set of populated states.
The beauty of such description is that
it allows for some flexibility in protein
structures and for a reasonable stochas-
tic dynamics. It also gives a very sim-
ple explanation for a large effect of
the ligand binding on protein structure:
the ligand does not really change the
set of interactions within the protein,
it just deducts a few kBTs from the
energy of the favorable state. Given
the exponential nature of the Boltz-
mann distribution, this should be
enough to drastically change equilib-
rium from one set of conformations
toward another.
These ideas go back to the classical
theory of enzyme kinetics of Monod
et al. (2), postulating that at thermal
equilibrium an enzyme can switch
between different conformations. The
first direct experimental recordings of
such changes were obtained on acetyl-
choline receptors (3) in patch-clamp
conductivity measurements. However,
it is only in recent years that the dy-
namics of stochastic conformationalchanges could be measured by differ-
ent methods: NMR (4,5), SAXS (6),
or single-molecule techniques (7,8)
on different proteins leading to the
proposals for a paradigm shift (9,10).
Adding to this body of evidence is
the elegant study of the dynamics of
T4 lysozyme published in this issue
(11). This enzyme is used by bacterio-
phage T4 to destroy the peptidoglycan
layer in the bacterial cell wall. The
structural studies of T4 lysozyme re-
veal two terminal domains with an
active site at the interface between
them. Interestingly, the crystal struc-
tures capture the enzyme in a variety
of states differing in the hinge-bending
angle between the two domains. This
suggests that, in solution, T4 lysozyme
structure fluctuates in a wide range of
hinge-bending angles between open
and closed conformations. These fluc-
tuations might well be a limiting step
in the enzymatic reaction, yet their
kinetics was previously unknown.
Using the combination of fluores-
cence quenching and fluorescence cor-
relation spectroscopy (FCS), Yirdaw
and Mchaourab (11) measure the char-
acteristic relaxation rate of lysozyme
dynamics of ~15 ms. Two fluorophores
are placed at the opposite sites of the
two moving domains. In the open con-
formation, the fluorophores are far
apart and fluoresce strongly. However,
in the closed conformation, the dyes
are close by and quench each other’s
emission. Thus structural fluctuations
result in the fluctuations in fluores-
cence. The transitions are too fast,
however, for the direct monitoring of
fluctuations on single molecules: there
would be very few photons emitted
during the lifetime of an open state.
Instead, the emission fluctuations are
measured by FCS, the technique that
picks correlations in photon emission
and reveals the kinetics at short time-
scales (from ~1 ns to 1 s) by accumu-
lating statistics over long durations
(minutes to hours).
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tions at ~0.5 ms corresponds to the ki-
netics of protein diffusion through the
confocal beam. An additional feature
in the 10–20 ms window reflects the
internal fluctuations of the enzyme.
Other possible explanations for the
observed kinetics in this time window,
such as photodynamics of the dyes, are
excluded by carefully designed control
samples. Intriguingly, substrate bind-
ing stabilizes the closed conformation
of the enzyme and damps, but does
not fully eliminate, the conformational
fluctuations: the molecular Pac-Man
proceeds to chew on its prey.
The system is fully dynamic, con-
trary to the textbook dogma.REFERENCES
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